Introduction
Granulosa cell differentiation from an immature proliferative phenotype into a steroidogenically active type of cell is a key step in ovarian follicular growth. FSH stimulates granulosa cell proliferation and differentiation via membrane-bound FSH receptors coupled to cAMP post-receptor signalling (Richards, 1994) . FSH-induced granulosa cell differentiation leads to antrum formation (Rao et al., 1978) , increased expression of enzymes involved in steroidogenesis (Zeleznick et al., 1974; Whitelaw et al., 1992) , and final induction of LH receptors (Hu et al., 1990) .
Culturing immature granulosa cells has enabled detailed studies on the optimum microenvironment for co-ordinated expression of genes involved in steroidogenesis (Richards, 1994; Roy and Greenwald, 1996) , and has shown that, at least in rats (Daniel and Armstrong, 1980) and primates (Harlow et al., 1986) , intrafollicular aromatizable androgens enhance the response of immature granulosa cells to FSH. Oestrogentreated prepubertal animals are a reliable source of FSHresponsive immature granulosa cells for studies in vitro as reported in rats (Hsueh et al., 1984; Findlay, 1993) , and this approach could also be adapted to other species like rabbits.
Apart from gonadotrophins, extracellular matrix proteins might influence granulosa cell proliferation and differentiation. Fibronectin, a glycoprotein from the basement membrane that separates the granulosa and theca compartments (Bagavandoss et al., 1983) , has binding domains for collagen, hyaluronic acid, heparin, heparan sulphate and cell surfaces (Hynes, 1981; Hynes and Yamada, 1982) , therefore acting as an anchorage protein for the cells to the growth substrate. Fibronectin is normally produced by granulosa cells at the earliest stage of differentiation, before the cells become steroidogenically competent (Skinner and Dorrington, 1984; Carnegie, 1990) . As a result of FSH actions, granulosa cells continue the normal process of differentiation, increasing steroidogenesis and downregulating fibronectin secretion (Skinner et al., 1985; Dorrington and Skinner, 1986) . Although a number of studies of immature granulosa cells have examined the regulation of fibronectin production by hormones (Skinner et al., 1985; Dorrington and Skinner, 1986) and growth factors (Asem and Novero, 1994) , few have focused on the potential influence of this secreted glycoprotein on subsequent FSH-induced steroidogenesis. Reproduction and Fertility (2000) Granulosa cells from diethylstilboestrol-treated prepubertal rabbits were cultured for 6 days in M199 with FSH (1-100 ng ml -1 ) in uncoated or fibronectin-coated plates with or without androstenedione to define the time course profile of oestradiol and progesterone secretion, and the possible modulator role of androstenedione and fibronectin during FSH-induced rabbit granulosa cell differentiation. Every 48 h, cultures were photographed and samples of medium were collected and assayed by ELISA for oestradiol and progesterone. FSH increased oestradiol secretion in a dosedependent manner. Androstenedione augmented FSH-stimulated oestradiol secretion, and led to a decrease in secretion of oestradiol with time in culture. FSH stimulated progesterone secretion in a dose-dependent manner. This was increased by androstenedione with 10 ng FSH ml -1 (0-96 h) and 1 ng FSH ml -1 (96-144 h). FSHstimulated (100 ng ml -1 ) progesterone secretion decreased at 48-96 h. Fibronectin prevented this decrease, without affecting oestradiol or progesterone secretion at other time points. FSH caused cell reaggregation at 48 h. In conclusion, this serum-free culture system is appropriate for the study of mechanisms of rabbit granulosa cell differentiation. FSH induced cytodifferentiation and reaggregation of granulosa cells. Androstenedione appeared to act synergistically with FSH to promote steroidogenesis. Fibronectin sustained progesterone secretion during differentiation.
Journal of
Fibronectin stimulates (Aten et al., 1995) or inhibits (EpsteinAlmog and Orly, 1985) progesterone secretion from mature granulosa cells in vitro when the protein is used as growth substrate. However, is not yet known whether this protein can modulate FSH-induced steroidogenesis in immature granulosa cells, a step beyond that of fibronectin production. Furthermore, the in vitro responses of rabbit immature granulosa cells to FSH and androstenedione have not been examined, and in consequence, it is not known whether similar mechanisms to those described in other species are operative in prepubertal rabbits. Therefore, the aims of this study were to establish a serum-free culture system in which to examine the features of rabbit granulosa cell differentiation induced by FSH and to assess the effects of androstenedione, and the influence of fibronectin, used as growth substrate, on FSH-stimulated steroidogenesis in immature granulosa cells. and 10 000 UG streptomycin ml -1 ), M199 culture medium with Earle's salts, 25 mmol Hepes l -1 and L-glutamine were purchased from Gibco (Lifesciences Technology, Paisley). Ninety-six well culture plates were obtained from Nunclon (Nunclon Delta, Nalge Nunc International, Naperville, IL). For enzyme immunoassays, horseradish peroxidase (EC 1.11.1.7, RZ = 3, type VI) was obtained from Boehringer Mannheim (Mannheim) and oestradiol and progesterone from Steraloids (Wilton, NH). Horseradish peroxidase-conjugated oestradiol and progesterone, polyclonal antibodies to oestradiol and progesterone, and standards were prepared as described by Lorenzo et al. (1997) . Ninety-six well flat bottom polystyrene microtitre plates were obtained from Dynatech (M-29, Denkendorf). Tween 20 and NaCl were obtained from Merck (Darmstadt). K-Blue substrate reagent was purchased from Neogen Corporation (Lexington, KY). H 2 SO 4 , diethylether, petroleum ether and chemicals used in buffers were obtained from Panreac Química S.A. (Barcelona).
Materials and Methods

Hormones and chemicals
Animals and treatments
Prepubertal female White New Zealand rabbits (n = 12) aged 4 weeks were used. Animals were housed individually in cages in light-controlled rooms (12 h light:12 h dark) at 20-22ЊC and 50-55% humidity and were provided with food pellets (150 g day -1 ; Purina Lab Chow, Madrid) and water ad libitum. Rabbits received an s.c. injection of 1 mg DES in sesame oil (1 mg ml -1 ) once a day for 3 days. This procedure was chosen on the basis of previous studies indicating that DES-treated prepubertal animals are a reliable source of immature FSH-responsive granulosa cells (Hsueh et al., 1984; Findlay, 1993) . On day 4, animals were killed by cervical dislocation, and the ovaries were immediately excised and placed in M199 culture medium in an ice-water bath. Animal care and experimental procedures followed the European Community Council Directive 86/609/CEE (18 February, 1986) which regulates the protection of animals used in experimentation.
Preparation of granulosa cell culture
The content of surface follicles (0.4-0.5 mm in diameter) was aspirated under the stereomicroscope with the aid of disposable glass micropipettes (10 µl capacity; 1.0 mm and 0.4 mm external and internal diameters, respectively; P4518-10, Dade, Miami, FL). Glass micropipettes had been heatthinned to 270 µm and 135 µm external and internal diameters, respectively, coated with silicon, autoclaved and adapted with a micropipette connector to a latex tube fitted with a mouthpiece for follicle aspiration. Follicle aspirates were first placed on a glass Petri dish and subjected to repeated gentle pipetting to disaggregate mural and cumulus granulosa cells. Immediately after pipetting, free oocytes visualized under the stereomicroscope were discarded and the resulting cell suspension was placed in a microfuge vial with iced M199 and centrifuged at 400 g for 10 min at 4ЊC. Supernatant was discarded and the cell pellet was resuspended in M199 with 0.1% BSA, 5 µg insulin ml -1 , penicillin-streptomycin (100 iu penicillin ml -1 and 100 UG streptomycin ml -1 , respectively), and amphotericin B (5 µg per 100 ml). Trypan blue exclusion test was used to assess cell viability and 50 000 live cells per well were seeded in 96 micro-well culture plates. The cell yield was between 1.0 ϫ 10 6 and 1.4 ϫ 10 6 live cells per ovary. The percentage viability was 60, 55 and 75 % in Expts 1, 2 and 3, respectively. Since the effect of fibronectin used as extracellular matrix was tested, culture plates were preincubated overnight with M199 with or without fibronectin (1.5 µg cm -2 : 0.4 µg per well in 50 µl culture medium). Culture wells were washed with M199 before cell seeding. Cells were incubated for 6 days at 37 ЊC with 5% CO 2 in a humidified atmosphere with FSH in the presence or absence of androstenedione (10 -7 mol l -1 ), in uncoated (FSH: 0, 1, 10 or 100 ng ml -1 ) or fibronectincoated (FSH: 0 or 100 ng ml -1 ) plates. Each treatment combination was given in quadruplicate (n = 4 cultures per treatment). Medium (200 µl) was removed every 48 h and replaced with fresh medium and hormones. Medium samples were aliquoted individually and stored in microfuge vials at -20ЊC until oestradiol and progesterone analyses. Cultures were observed and photographed under the inverted microscope (Zeiss IM35) every 48 h. After 6 days, experiments were terminated. Experiments were carried out three times.
Steroid analyses
Oestradiol and progesterone were measured in medium samples using an ELISA validated for rabbit oocyte maturation samples (Lorenzo et al., 1997) . For analysis of oestradiol, samples (50 µl) were extracted with diethylether (2 ml), dried under a nitrogen stream and reconstituted with enzyme immunoassay buffer (0.1 mol phosphate buffer l -1 , pH 7.0) containing the horseradish peroxidase-conjugated oestradiol (working solution titre 1:20 000). Percentage of recovery after sample extraction was 95.89 Ϯ 1.28. Samples were dispensed in duplicate in antibody-precoated (polyclonal anti-oestradiol obtained in rabbit, working solution titre 1:2000) 96-well microtitre plates. For progesterone, undiluted (50 µl) or diluted (1:20) samples of medium were extracted with petroleum ether (2 ml), dried under nitrogen stream and reconstituted with enzyme immunoassay buffer containing the horseradish peroxidaseconjugated progesterone (working solution titre 1:80 000) and dispensed in duplicate in antibody-precoated (polyclonal anti-progesterone obtained in rabbit, working solution titer 1:8000) 96-well microtitre plates. Percentage of recovery after sample extraction was 96.56 Ϯ 1.12. A standard curve with known concentrations of oestradiol (0.1-500.0 pg ml -1 ) and progesterone (1-1000 pg ml -1 ) was included in each enzyme immunoassay plate. After 2 h incubation at room temperature, plates were washed (0.5% (v/v) Tween 20, 1.5 mol NaCl l -1 ) and the substrate reagent (K-Blue substrate) was added to each well. Colour reaction was stopped with 4 mol H 2 SO 4 l -1 and absorbance was measured at 450 nm in a microtitre plate reader (MPRA4). Intra-and interassay coefficients of variation were in all cases < 10%. Sensitivities defined as low detection limits of enzyme immunoassay for oestradiol and progesterone were 1.99 pg per well (pg per 100 µl) and 13.21 pg per well (pg per 100 µl), respectively.
Statistical analyses
In each experiment, oestradiol and progesterone data were analysed by factorial ANOVA with Fisher's post-hoc test, in which oestradiol or progesterone was the dependent variable, and FSH dose, time and presence of androstenedione were the main factors. The effect of each factor and the interaction among these factors on oestradiol and progesterone were estimated. The effect of fibronectin was assessed by ANOVA with Fisher's post-hoc test, in which oestradiol or progesterone was the dependent variable, and FSH, time, androstenedione and presence of fibronectin were the main factors. Data presented are the mean of the three experiments. A P value < 0.05 was considered statistically significant.
Results
Time course profile of FSH-induced oestradiol secretion
Effect of androstenedione. In the absence of androstenedione (Fig. 1a) FSH increased oestradiol secretion in a dosedependent manner. There were no differences between control and 1 ng FSH ml -1 at any time point. At 10 and 100 ng ml -1 , FSH increased oestradiol secretion over control values at 48 (P < 0.05) and 144 h (P < 0.01) in culture. At 96 h, differences were significant between control and 10 ng FSH ml -1 (P < 0.01). Dose-dependent increase of oestradiol secretion with FSH was observed at 48 h between 1 and 10 ng FSH ml -1 , and between 1 and 100 ng FSH ml -1 for all time points tested. There were no time differences in oestradiol output in control cultures on those treated with 1 or 100 ng FSH ml -1
. A decrease (P < 0.01) in oestradiol secretion was observed at 96 h in cultures treated with 10 ng FSH ml -1 compared with values at 48 and 144 h (Fig. 1a) . In the presence of androstenedione (Fig.  1b) , FSH increased (P < 0.01) oestradiol secretion over control values at the three time points, in an inverse way to the FSH dose, such that maximum stimulation was achieved with 1 ng FSH ml . (b) ᮀ, control; , control + androstenedione; , 1 ng FSH ml -1 + androstenedione; () 10 ng FSH ml -1 + androstenedione; () 100 ng FSH ml -1 + androstenedione. Asterisks indicate within-time differences between each dose of FSH and control values (**P < 0.01, *P < 0.05). Different letters denote within-time FSH dose effects (P < 0.05). Different numbers indicate time effects (P < 0.05). time in culture (Fig. 1b) . Addition of androstenedione significantly (P < 0.01) increased oestradiol secretion over values observed in cultures treated with FSH only at 48 (0.4 Ϯ 0.09 versus 48.3 Ϯ 2.7; 1.3 Ϯ 0.07 versus 31.9 Ϯ 4.6; 1.7 Ϯ 0.1 versus 19.8 Ϯ 4.0 ng ml -1 with 1, 10 and 100 ng FSH ml -1 , respectively), 96 (0.4 Ϯ 0.2 versus 27.9 Ϯ 2.4; 0.7 Ϯ 0.04 versus 7.7 Ϯ 0.7; 1.1 Ϯ 0.3 versus 2.4 Ϯ 0.1 ng ml -1 with 1, 10 and 100 ng FSH ml -1 , respectively) and 144 h (0.1 Ϯ 0.02 versus 7.1 Ϯ 0.4; 1.4 Ϯ 0.2 versus 4.3 Ϯ 0.6 ng ml -1 with 1 and 10 ng FSH ml -1 , respectively) in culture.
Effect of fibronectin.
In the presence or absence of androstenedione, oestradiol secretion in control cultures and after FSH treatment (100 ng ml -1 ) was higher (P < 0.05) in fibronectin-coated plates at 96 h in culture. No differences were found either at 48 or 144 h in culture (Table 1) .
Time course profile of FSH-induced progesterone secretion
Effect of androstenedione. In the absence of androstenedione, FSH increased (P < 0.01) progesterone secretion at the three time points in a dose-dependent manner (Fig. 2a) . Differences were significant between control and 10 and 100 ng FSH ml ), and with 1 ng ml -1 at 144 h (9.5 ± 1.1 versus 23.7 Ϯ 2.7 ng ml -1 ). A consistent decrease (P < 0.01) of FSHstimulated (100 ng ml -1 ) progesterone secretion occurred at 96 h in culture, followed by an increase at 144 h to values that were not different from those found at 48 h, both in the presence or absence of androstenedione (Fig. 2) .
Effect of fibronectin.
When fibronectin was used as growth substrate, the increase in progesterone secretion induced by FSH (100 ng ml -1 ) at 96 h was higher than in cultures that were not treated with fibronectin. No differences were found at any other time point. However, basal non-stimulated secretion of progesterone was lower (P < 0.01) in fibronectintreated cultures regardless of the presence of androstenedione (Table 2) . . (b) ᮀ, control; , control + androstenedione; , 1 ng FSH ml -1 + androstenedione; () 10 ng FSH ml -1 + androstenedione; () 100 ng FSH ml -1 + androstenedione. Asterisks indicate within-time differences between each dose of FSH and control values (**P < 0.01, *P < 0.05). Different letters denote within-time FSH dose effects (P < 0.05). Different numbers indicate time effects (P < 0.05).
Morphology of the cultures
Observations under the inverted microscope revealed that after 48 h cells cultured in control conditions with or without androstenedione, in the presence or absence of fibronectin, had formed a non-confluent monolayer, and some cells were associated in small clusters. When FSH (10 or 100 ng ml -1 ) was added, cells were grouped to form defined aggregates, both in the presence or absence of androstenedione and fibronectin (data not shown).
Discussion
This study shows that immature granulosa cells from DESprimed prepubertal rabbits in a serum-free culture system show steroidogenic responses to FSH similar to those described in other species. FSH alone, without exogenous androstenedione, stimulated oestradiol secretion in a dosedependent manner and there was no decreased responsiveness of the cells to FSH with time in culture. This result indicates that the cells must have a reserve of aromatizable androgen ready for aromatase action when FSH stimulates the cell in vitro. Similar results were reported with immature granulosa cells from marmoset monkeys (Harlow et al., 1986) and humans (Cailliau et al., 1995) , and in the absence of added aromatizable androgen FSH stimulated oestradiol secretion in a dose-dependent manner. These findings support the view that, under some circumstances, granulosa cells may be competent for the synthesis of oestradiol without a thecal androgen supply, as suggested by Cailliau et al. (1995) and Foldesi et al. (1998) . Alternatively, oestradiol output in the absence of added aromatizable androgen might arise from the presence of some residual thecal cells in the cultures. Although this possibility cannot be ruled out, it is unlikely: firstly, the cell collection procedure avoided scraping the follicle wall; and, secondly, the cell response in terms of oestradiol secretion was uniform among replicates, indicating that if thecal cells were present they were evenly distributed in all replicates. Such an even distribution is unlikely since thecal tissue requires enzymatic treatment to achieve a suspension of thecal cells. Addition of androstenedione markedly increased oestradiol secretion compared with cultures treated with FSH only, as described in rats (Daniel and Armstrong, 1980; Thompson et al., 1997) and marmoset monkeys (Harlow et al., 1986) . The results of the present study show that when androstenedione was added oestradiol output was inversely related to the FSH dose, that is the output was maximum with the lowest dose (1 ng ml -1 ), unlike when FSH was given alone. This result indicates that rather than acting only as substrate for oestradiol synthesis, androstenedione may also sensitize the cell to FSH. This proposal is consistent with the amplifying effect of androgens on FSH-induced granulosa cell differentiation (Hillier and Tetsuka, 1997) . In addition, in the presence of androstenedione, FSH-stimulated oestradiol secretion was at a maximum at 48 h and decreased with time in culture, unlike the situation in the absence of androstenedione. This finding might reflect changes in cell responsiveness to the androgen as a result of development-related variations in the expression and synthesis of the androgen receptor, which is maximum in immature granulosa cells and decreases in mature granulosa cells (Hillier and Tetsuka, 1997; Hillier et al., 1997) . FSH increased progesterone secretion in a dosedependent manner, as observed in immature granulosa cells from marmoset monkeys (Harlow et al., 1986) , rats (Thompson et al., 1997) and sheep (Monniaux and Pisselet, 1992) . Addition of androstenedione increased FSH-induced progesterone secretion with 10 ng FSH ml -1 at 48 and 96 h, but this effect was not seen at 144 h. This positive modulation of androstenedione on FSH-induced progesterone secretion is characteristic of immature granulosa cells (Harlow et al., 1986; Quirk et al., 1986) , and is lost upon differentiation, probably as a result of decreased expression of the androgen receptor in mature granulosa cells (Hillier and Tetsuka, 1997) , which would explain the lack of effect of androstenedione on FSHinduced progesterone secretion at 144 h.
A consistent finding of this study was that cells cultured without fibronectin as growth substrate showed a marked decrease in FSH-stimulated (100 ng ml -1 ) progesterone secretion between 48 and 96 h in culture, which increased again at 144 h. The fact that this effect was seen consistently at this time point indicates that it might be the result of the FSHinduced differentiation. This process involves changes in the cytoskeleton (Amsterdam and Aharoni, 1994) known to affect steroid secretion directly (Ben-Ze'ev and Amsterdam, 1986; Carnegie and Tsang, 1988; Ruoslahti and Yamaguchi, 1991) , resulting in shifts in progesterone secretion similar to those reported in the current study (Aharoni et al., 1993; Murdoch, 1996) . The use of fibronectin as growth substrate prevented the decrease in progesterone occurring at 96 h in FSH- Different letters indicate significant differences (P < 0.05).
stimulated (100 ng ml -1 ) cells seeded on plastic. Fibronectin may have stabilized some constituents of the plasma membrane that are known to maintain the integrity of the cytoskeleton and hence progesterone secretion. In this regard, extracellular matrix proteins interact with integrin receptors of the granulosa cell plasma membrane to maintain a well developed actin cytoskeleton (Aharoni et al., 1997) , which is essential for steroidogenesis. Treatment of granulosa cells with an antiserum against the integrin β-subunit results in reduced progestin synthesis (Aten et al., 1995) . In addition, extracellular matrix components interact with gonadotrophins to promote progesterone secretion and expression of LH-hCG receptors in granulosa cells (Amsterdam et al., 1989) . The findings of the present study support the contention that fibronectin contributes to the maintenance of steroidogenesis during granulosa cell differentiation.
FSH (10 and 100 ng ml -1
) caused granulosa cells to aggregate in vitro, a feature of differentiation (Gutierrez et al., 1997) that involves increased expression of proteins implicated in intercellular contact such as gap junctions and cadherins, and seems to be responsible for the maintenance of the aromatase activity and FSH responsiveness in vitro. In the rabbit ovary, gap junctions appear at antrum formation (Albertini and Anderson, 1974) indicating that they are regulated by gonadotrophins. FSH enhances gap junction conductance (Godwin et al., 1993) in vitro, and in the present study it may have increased the expression of these proteins either directly, or via oestradiol or progesterone (Farookhi and Blaschuk, 1991; Peluso et al., 1996) . It is concluded that the serum-free culture system used in the present study is optimum for investigation of the mechanisms of rabbit immature granulosa cell differentiation, since it provides consistent responses of physiological relevance. FSH-stimulated steroidogenesis apparently acts in synergy with androstenedione to promote granulosa cell differentiation. Fibronectin, used as growth substrate, appears to be important in maintaining FSHstimulated progesterone secretion in culture.
